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Abstract: To date, safety distances to toxic pool evaporation as measured by known models have
been quoted in hundreds of meters, without a deeper study of the time variation of the evaporation
rate. In order to evaluate this specific aspect, we designed an experimental study. This study
included small-scale tests with a 0.1 m2 evaporating pool, and medium-scale tests with 1 and 2 m2
evaporating pools. For both small- and medium-scale tests, the experimental vertical velocity profile
was built to reproduce an atmospheric profile after applying the Froude scaling procedure. The
scope of this study focused on ammonia pool evaporation, with each test lasting long enough to
highlight the time evolution of the evaporation rate. While many other parameters may have
strongly influenced the evaporation rate, the influence of the most classical parameters was tested,
including pool concentration, wind velocity, and ambient turbulence. During these tests, the
metrology was designed to enable the measuring of evaporation rates with great precision, but other
important components were also measured. This series of tests clearly showed a strong variation of
the evaporation rate in the first 30 minutes after the release—the evaporation rate dropped to 20%
of its initial value after this 30-min period. It is therefore obvious that such reactions should strongly
influence the toxic consequences of the vapor atmospheric dispersion. The known influence of other
parameters was also confirmed—typically, the higher the pool concentration and/or wind velocity,
the higher the evaporation rate. The surrounding turbulence effect was also taken into consideration
and was proven to have a lower influence on the evaporation rate. In light of these experiments, we
present below a physical model named EVAP-Tox used to estimate the time variation of the
evaporation rate of an ammonia solution.
Keywords: pool evaporation; ammonia solution; medium-scale test

1. Introduction
In the context of land use planning, toxic dispersion modelling resulting from pool evaporation
determines the safety distance to be in the hundreds of meters to avoid possible negative human
consequences. These distances are based on computations of both the source term evaluation and the
dispersion modelling hypothesis. For the purpose of this particular study, the source term is of
primary importance. The objective of this paper was to evaluate the time evolution of ammonia
solution evaporation rate. This product was selected because it is largely used in the industry in
various concentrations, typically for water treatment in nuclear power stations. In most existing
models, as described in the next section, the evaporation rate is assumed to be constant.
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1.1. Brief Overview
Before describing the experimental set-up and corresponding results, it is important to give
some background about the expected phenomena, since these physical phenomena govern the
experimental design.
Evaporation models are commonly based on the boundary layer theory of Sutton [1], which
considers the advection–diffusion equation [2]. This approach, combined with experiments, has
allowed several evaporation models to be developed, each on the basis of a specific situation [3–9].
Several comparisons between those correlations have been published in the literature, for example,
in [10].
The Mackay and Matsugu correlation formula, although now quite old, is still widely used in
the context of risk management and land use planning, and therefore it was used as a basis for our
experimentation. While simplified in some cases [11], the Mackay and Matsugu correlation was
originally written as follows:

qev = km (Pv-P∞) M/RTp
qev
Pv
P∞
M
R
Tp

(1)

evaporation rate (kg/s);
vapor pressure at the pool temperature and concentration (Pa);
vapor pressure at the boundary layer limit (Pa);
molar weight (kg/mol);
Universal gas constant (8.31 J/mol.K);
pool temperature (K).
The mass transfer coefficient, km, is written as

km = Cm&m U0.78 (2* rp)−0.11 Sc−0.67

(2)

Cm&m
Mackay and Matsugu coefficient (4.786.10−3);
U air velocity 10 m above the pool surface (m/s);
rp pool radius (m)–2*rp represents the pool diameter or, for non-circular pools, to the wind-exposed
pool length;
Sc Schmidt number.
One of the key criteria in Equation (1) is the product’s vapor pressure. This quantity is a function
of both the pool’s temperature and concentration (Figure 1) but is considered as a constant in the
equation.
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Figure 1. Evolution of the vapor pressure for ammonia as a function of temperature and pool
concentration.

Regarding toxic pools, most evaporation models used in the industry literature are based on a
constant vapor pressure during the evaporation process. Very few papers have dealt with the
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unsteady process of evaporation [12]. On the basis of experiments with hydrogen chloride, the
authors of [12] claim that a concentration gradient occurs over time and leads to an unsteady
phenomenon. Such a concentration gradient may strongly influence the evaporation rate of
ammonia, and thus it was specifically investigated in this paper. This evolution over time was also
studied for hydrocarbons, taking temperature evolution into consideration [13–15]. Some authors
specifically studied the evolution of evaporation rate of concentrated ammonia solutions in smallscale pools without wind [16] or with assessing the influence of wind [17,18].
This paper presents a new series of experimental tests for ammonia evaporation, taking into
consideration various parameters such as pool concentration and its temperature and the ambient
humidity. Two different scales were used to evaluate the influence of the scale factor by modifying
the pool size.
1.2. Consequences Regarding Experimental Design
On the basis of the aforementioned physical phenomena, some parameters appeared to be of
primary importance to the experimental design. The first is wind profile since the evaporation rate is
based on the ambient wind velocity. The second parameter is the evaporation rate over a specific
period of time to be measured at an adequate frequency. The last parameter is the pool temperature,
since this parameter strongly influences vapor pressure and, consequently, the evaporation rate.
2. Experimental Set-Up
2.1. General Considerations
Evaporation tests were conducted in INERIS’ fire test installations [19], more precisely in the 10
m3 room for small-scale tests and in the fire gallery for medium-scale tests. Pictures of the installations
are presented below in Figure 2. The sections were 0.465 m wide and 0.165 m high for the small-scale
tests and approximatively 3 m × 3 m for the medium-scale tests.
Mac Caffrey probe
FTIR sampling inside
the restriction
Mac Caffrey probe

FTIR sampling probe

Mac Caffrey probe

Inside pool
thermocouples

Figure 2. Picture of the pool photography and instrumentation for small (left) and medium (right)
scales.

The scale factor for the tests is based on a Froude scaling. Considering the Froude number, Fr =
U2/(g.l), where l stands for a characteristic length, g for gravity, and U for representative velocity, we
were able to evaluate the different physical quantities on the basis of length scaling. The actual pool
was based on a basic size of 100 m2, 10 m × 10 m. The corresponding scale factor on length, σ, can
then be defined. For a given scale factor σ on length, the scale factor for the velocity is √σ to conserve
the Froude number. For small-scale tests, the pool was 0.1 m2, 0.316 m × 0.316 m, and 0.03 m deep. In
this case, σ was equal to 31.6. For medium-scale tests, the reference size was 1 m2, 1 m × 1 m, and σ
was equal to 10; the pool depth was also 3 cm.
As previously mentioned, one of the key factors when studying pool evaporation is being able
to reproduce a relevant velocity profile above the pool. Considering the atmospheric dispersion as

Appl. Sci. 2020, 10, 8448

4 of 17

target application, the velocity profile in both the small- and medium-scale tests were designed to be
as close as possible to an atmospheric profile, somewhere between neutral and stable conditions. The
reference velocity profiles for medium-scale tests are shown in Figure 3. “Right” and “left” on this
figure indicate that the measure was taken in the center of the section where the ammonia pool was,
right and left near the limit of the pool, in the same section of the duct. The reference experimental
velocity was measured 1 m above the pool since the scale factor was 10 for length, with a reference
experimental value of 1 m/s corresponding to a “real” velocity of 3.2 m/s, since the scale factor for
velocity is √10 for a Froude scaling.

Figure 3. Velocity profile for medium-scale configuration.

To ensure a realistic turbulence intensity in this profile, we managed the flow before it reached
the pool using obstacles distributed on the ground. Pictures of the installations, including obstacle
distribution and pool, are reproduced in Figure 4 for both scales. Small-scale obstacles were 55 mm
long, 21 mm wide, and 21 mm high; the inter-obstacle distance was 2 cm along the wind direction
and 5 cm in the other direction. They were distributed over an area 700 mm upstream of the pool. For
large-scale tests, obstacles were approximate cubes with a length of 600 mm and were distributed
over 15 m upstream of the pool. Distance between obstacles was about 60 cm in both directions.

Figure 4. Picture of obstacle distribution for small (left) and medium (right) scales.

The turbulent velocity measured in the duct using a high-speed MacCaffrey probe [20,21] prior
to the evaporation was about 4% of the averaged value for the 1 m/s tests.
An additional configuration was tested by generating artificial turbulence upstream of the pool.
A specific system that included horizontal obstacles was then used for the medium-scale test, as
shown in Figure 5. This system dimensions were 1 m width and 10 cm height.
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Figure 5. Picture of the system used to generate artificial turbulence upstream of the pool.

2.2. Metrology
The most important quantity we wanted to measure for this particular study was the
evaporation mass flow rate. It was actually measured using two complementary techniques. The first
simply consisted of weighting the pool over time, while the second used a FTIR (Fourier transform
infrared) spectrometer to evaluate atmospheric concentration downstream of the pool, coupled with
a total mass flow rate in the ventilation section. The FTIR sampling probe was placed in the vertical
part of the duct for the small-scale test and in the middle of a 5 m long restricted section for the
medium-scale test. The measurement frequency of the FTIR was set at 1 Hz. Using velocity and
temperature measurements, it directly led to the evaporation flow rate. Before each test, the mass
concentration of the solution was measured. To prevent any interaction between the evaporated
vapor and the different surrounding solids, we made the concentration measurement as close as
possible to the pool using a dedicated mixing system to ensure a perfectly mixed air. The mixing
system consisting of a reduced section to obtain a more homogeneous mixture was validated on the
basis of the measurement of resulting very low concentration fluctuations. The mixture’s
homogeneity was then verified through the lack of fluctuation when measuring concentration with
the FTIR. All solid surfaces between the pool and the FTIR sampling probe were covered by Teflon.
Mean velocity and velocity fluctuations were measured using MacCaffrey probes [20] associated with
a pressure transducer. The velocity was measured close to the pool, in the middle of the duct height,
for each test. In addition, velocity profile was determined using several points at different heights.
Following [21], the probes also enabled us to estimate the turbulent velocity, which was 4% of the
average velocity. Data frequency was then set at 10Hz.
To confirm the accuracy of the FTIR and air flow rate methods used for evaluating the
evaporation rate, we compared the results to measurements obtained by two other methods. The first
was the weight measurement of the pool described above and the second consisted in pool
concentration measurement before and after the tests. Concentration in the solution after the test was
measured using pool sampling after a mixing process to ensure a homogenous concentration. Those
two results confirmed the ones obtained using the FTIR and flow rate methods. Other specific
sampling was taken to evaluate the concentration at different heights.
Pool temperature was also measured using several PFA (Perfluoroalkoxy)-covered K-type
thermocouples placed in the pool’s depth. While the response time is usually higher than with
uncovered thermocouples, these specific ones were chosen because of their corrosion resistance. They
were placed near the bottom of the pool, then 0.015 m and 0.0275 m above the bottom of the pool.
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2.3. Experimental Design
As previously mentioned, the objective of this study was to determine a realistic evaporation
rate for ammonia under various conditions. To meet this objective, we carried out 6 tests at the small
scale and 5 at the medium scale. For both configurations, concentrations were precisely measured
before running the tests, since this parameter is of primary importance for evaporation modelling.
Table 1 below lists the smaller scale tests, with the comparison reference test highlighted in blue (test
no. 3).
Table 1. Presentation of the small-scale tests. Concentration given by the provider is given in brackets ( ).

Test
No.
1
2
3
4
5
6

Mass
Concentration
of the Pool (%)*
17.0% (21%)
18.6% (21%)
29.4% (30%)
29.5% (29%)
29.0% (29%)
26.5% (24.6%)

Air
Velocity
(m/s)
1 m/s
1 m/s
1 m/s
1.5 m/s
0.5 m/s
1 m/s

Ambient
Turbulence
Low
Low
Low
Low
Low
Low

Pool
Surface
(m2)
0.1
0.1
0.1
0.1
0.1
0.1

Initial Pool
Temperature
(°C)
3 °C
4.7 °C
0.3 °C
2.2 °C
2.2 °C
1.4 °C

Ambient Air
Temperature
(°C)
1.1 °C
6.5 °C
3.2 °C
3.3 °C
2.2 °C
4.5 °C

On the basis of the small-scale test results, we designed a series of 5 tests at the medium scale in
order to confirm the small-scale observations and, when required, to go further. The reference test
for medium-scale tests is also highlighted below in blue (test no. 1). Tests marked with a star (tests
no. 1, 2, and 5) in Table 2 correspond to those made with comparable conditions during small- and
medium-scale tests (such tests are crucial to discuss the influence of the scale factor).
Table 2. Presentation of the medium scale tests. Concentration given by the provider is given in
brackets ( ).

Test
No.
1*
2*
3
4
5*

Mass
Concentration
of the Pool
(%)*
27.9% (29%)
28.2% (29%)
27.85% (29%)
28.36% (29%)
27.65% (29%)

Air
Velocit
y (m/s)

Ambient
Turbulenc
e

Pool
Surfac
e (m2)

Initial Pool
Temperature
(°C)

Ambient air
Temperature
(°C)

1.0
1.5
1.0
1.0
1.0

Low
Low
Low
High
Low

1
1
2
1
1

15.2 °C
12.7 °C
13.0 °C
14.9 °C
12.7 °C

14.9 °C
12.1 °C
13.8 °C
14.4 °C
12.5 °C

Significant variations of the mass concentration and initial temperatures of the pool can be
noticed. Since the installations are opened to the outdoors, temperature control was not possible.
Therefore, a 10 °C difference can be seen between the two scales, which should be kept in mind when
interpreting the results. As for the concentration, the difference was due to the fact that we chose to
give the actual measured concentration rate instead of the manufacturer’s 29% value; this also shows
that when dealing with real situations for risk management, the actual concentration can differ from
the estimated one. This actual concentration was measured in our chemistry laboratory (ion
chromatography).
During the experiment, the pool was filled with the ammonia solution, and evaporation was
considered to start after the pool was completely filled.
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3. Small-Scale Test Results
3.1. Experimental Results: Reference Case
While one objective of this study was to characterize the evaporation rate evolution over time,
the initial evaporation rate was compared with the existing correlations, mainly the one proposed by
[3] (Equations (1) and (2)), since it is widely used in safety evaluation. Consequently, on the different
graphs showing the evaporation rate over time, we also plotted a horizontal line representing the
evaporation rate estimated using the Mackay and Matsugu correlation [3], calculated using the initial
conditions of the pool.
The first result obtained from this study was the confirmation of the tendency observed by
[16,18], the large reduction of the evaporation rate over time. The evaporation rate over time for the
reference case is plotted in Figure 6, together with the pool’s temperature. The grey interval around
the red curve represents the uncertainty interval. These uncertainties were evaluated considering the
different uncertainties along the measurement chain. This implies considering the uncertainties in
the concentration measurement and in the velocity measurement, including density, duct section,
and pressure due to the measuring system.
10
0.140
5
Measured evaporation rate

0.100

Evaporation rate according the
MacKay and Matsugu correlation
(initial conditions)
Pool temperature

0.080

0

-5

0.060
-10

Pool temperature [°C]

Evaporation rate [g/s]

0.120

0.040
-15

0.020
0.000

0

1200

2400

3600

4800
6000
Time [s]

7200

8400

9600

-20
10800

Figure 6. Evaporation rate and pool temperature over time for the small-scale reference case. The grey
zone represents the uncertainties.

This curve clearly highlights the time evolution of the evaporation rate with a strong diminution
during the first hour, when the evaporation rate is divided by almost 5 and then a more constant
evaporation rate. Introducing such a difference in dispersion model, i.e., a division by 5 of the
evaporation rate, means a strong reduction of the gas quantity emitted into the atmosphere and
consequently a lower concentration in the atmosphere. An important consequence of this observation
is a reduction of the safety distance where the toxic threshold is reached. Another observation in the
figure above is that the evaporation rate estimated using the Mackay and Matsugu correlation was
close to the initial measurements, keeping in mind that in this case, the correlation overestimated the
evaporation rate.
3.2. Influence of Pool Temperature
One of the main parameters that influences the evaporation rate is vapor pressure. This quantity
depends on both the pool’s concentration and temperature. Therefore, it is crucial to estimate their
influence during the test. The temperature curve in Figure 6 above shows that temperature was
reduced by about 12 °C after 40 min. Such a temperature variation would induce an evaporation rate
reduction of about only 24%. This means that the temperature alone did not explain the measured
evaporation rate reduction, which exceeded 80%. The increase in pool temperature observed after the
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first hour or so can be explained by cooling reduction due to the evaporation process, while heating
sources, conduction, and convection stayed quite constant. This specific behavior of the temperature
concentration was also presented by [18]. It is important to note that during the tests, temperature
was measured over three heights: near the surface, in the middle depth of the pool, and near the
bottom. The pool temperature remained quite homogeneous along its depth during the evaporation
process (see Figure 7). This curve shows that, after 1 hour, the temperature difference between the
surface and the bottom of the pool was less than 1 °C. Such a small difference is not relevant for
evaporation modelling and can therefore be neglected.
6
Bottom of the pool

4

Middle of the depth (1.5 cm from the bottom)
Near the pol surface (2.75 cm from the depth)

Temperature [°C]

2
0

0

600

1200

1800

2400

3000

3600

-2
-4
-6
-8

Time [s]

Figure 7. Temperature evolution at three depths for the small-scale reference case.

3.3. Influence of Concentration Gradient on the Vapor Pressure
As mentioned in Section 1.1, vapor pressure, a key factor for evaporation, is also a function of
the pool’s concentration. To estimate this influence, we performed a reverse computation. Integrating
the measured evaporation rate gives the total quantity of ammonia lost by the pool. This enables one
to compute the theoretical concentration, assuming a homogeneous concentration. For the present
configuration, it should be 24%. For such a 24% ammonia concentration, the final evaporation rate,
computed using this concentration and the measured temperature, should have been 55% of the
initial value. This estimation does not consider that a given part of water also evaporates, leading to
a higher homogeneous concentration and associated evaporation rate.
Considering that the final evaporation rate is about 20% of the initial value, this implies that the
concentration at the pool surface would be lower than the homogenous estimated value,
demonstrating that a concentration gradient takes place in the pool and should thus be investigated.
To confirm this gradient, we measured concentrations at several depths after the test. The
concentration near the pool’s surface was always lower than the ones measured near the bottom of
the pool.
3.4. Influence of other Parameters
The above paragraph focused on the reference test for small scale tests, but it is important to
evaluate whether the proposed model (§ 5) enables the taking into consideration the influence of the
different parameters. The other small-scale tests were then compared with the new approach for
evaporation rate evaluation.
Two main parameters’ influences were tested during the small-scale tests. The first parameter
tested was the initial pool concentration. Reducing the initial concentration, test no. 1 was expected
to reduce the initial evaporation rate and consequently the kinetics of the gradient formation in the
liquid phase. This was confirmed by experimental measurements at lower concentrations in tests no.
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1 and 2 (compare Figure 8 below with Figure 6). The experimental curve on this figure indicates a
smoother variation of the evaporation rate in the first 20 min. This curve also shows that the proposed
model is in line with the experiment, even though it over-estimated the evaporation rate in the first
5 min.

0.060

Evaporation rate [g/s]

0.050
Measured value - test n°1

0.040

Measured value - Test n°2
Computed

0.030

0.020

0.010

0.000

0

600

1200

2400

1800
Time [s]

3000

3600

Figure 8. Evolution of the evaporation rate for test no. 1 and test no. 2 (repeatability).

Finally, it is important to verify the repeatability of the experiments. This was done by
comparing data from tests no. 1 and 2. Figure 8 shows that they had the same evaporation rate and
evolution tendency. The gray and orange zones correspond to the interval of uncertainty.
The second parameter that was tested was the ambient velocity. Figure 9 below shows the
evaporation rate measurement for test no. 4 that corresponded to a 1.5 m/s ambient velocity
compared to the reference test. As for previous figures, the uncertainty interval is plotted in orange
and grey. This confirms that increasing the ambient velocity leads to an increase in the evaporation
rate. This test also shows that the equilibrium reached after 20 min was quite independent of the
velocity. On the other hand, test no. 5 led to a reduction of the evaporation rate, about 0.02 g/s after
2400 s. It was not plotted on this curve; we preferred to give an uncertainty domain for each test. The
curve also shows that the model tends to overestimate the evaporation rate.
0.2

Evaporation rate [g/s]

0.18

Reference case - Measured

0.16

Test n°4 - Measured

0.14

Reference case - Model
Test n°4 - Computed

0.12
0.1
0.08
0.06
0.04
0.02
0

0

600

1200

1800

2400

3000
Time [s]

3600

4200

4800

5400

6000

Figure 9. Evaporation rate over time: small-scale evaluation of the velocity influence. Test no. 4
corresponds to 1.5 m/s ambient air velocity.
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These curves confirm that the proposed model enables the prediction of the evaporation rate
evolution over time with accuracy, as well as reproduction of the influence of the different parameters
that govern the evaporation rate. In most cases, the model over-predicted the real evaporation rate,
which is a prudent approach when dealing with risk management and land use planning.
4. Medium-Scale Experiment Results
4.1. Scale Factor Influence
The previous chapter highlighted that predicting the evaporation rate of an ammonia pool
requires considering the concentration gradient in the pool together with the temperature evolution.
This result was based on small-scale consideration, and the influence of the scale factor should be
assessed. Considering the reference test cases, the first quantity to compare is the evaporation rate
per unit area (ERPUA) for both scales, obtained by dividing the measured evaporation rate by the
pool surface. The comparison of ERPUA is presented in Figure 10. Orange and grey curves represent
the uncertainty interval.

2.0

Evaporation rate per unit area [g/m²/s]

1.8

Medium scale

1.6

Small scale

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

0

500

1000

1500

2000
Time [s]

2500

3000

3500

Figure 10. Evaporation rate per unit area: reference configuration for small and medium scales.

This first comparison showed that the dependence of evaporation rate to pool area was low; this
confirms the Froude scaling approach. This is of primary importance in order to use the conclusion
of this study for large-scale configurations. It should be noted that the difference observed during the
first 250 s was induced by the filling of the pool; the flow of liquid lasted longer in time and produced
more disturbances for medium-scale tests.
It is also important to evaluate the influence of the scale factor on the temperature gradient along
the pool’s depth. As mentioned previously, this gradient was negligible for small case situations; this
was also confirmed for medium-scale tests, as shown in Figure 11.

Temperature [°C]
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Figure 11. Temperature evolution along time for the three measured depths.

The temperature evolution measured during the small-scale tests and the medium-scale tests
show the similarity in terms of dynamics. Values were different since initial temperatures differed.
4.2. Influence of the Pool Exposed Length
The last parameter tested was the pool dimension in order to evaluate whether the exposed wind
pool length (hereafter referred to as “exposed length”) influenced the evaporation rate. In the
experimental configuration of test no. 3, the surface was fixed to 2 m2 by keeping the width equal to
the reference test and increasing only the exposed length. The relevant quantity to be compared in
such a situation is the ERPUA. Should the exposed length influence the ERPUA, this quantity should
decrease when increasing the length because the concentration of ammonia above the pool would
increase with distance [22]. Such a trend was not detected experimentally (see Figure 12). This
comparison highlights the fact that the exposed pool length did not strongly influence the
evaporation rate.
4.0
3.5

Evaporation rate [g/m²/s]

3.0
2.5
ERPUA - 2 m² pool case
2.0

ERPUA - Reference case

1.5
1.0
0.5
0.0

0

1200

2400

3600

4800

6000
Time [s]

7200

8400

9600

10800

12000

Figure 12. Evolution of the evaporation rate as a function of the exposed pool length.

4.3. Influence of the Surrounding Turbulence
The first parameter studied was the surrounding turbulence. Since the mass evaporation process
is governed by the modification of the concentration just above the pool, the influence of the
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turbulence intensity on the evaporation rate was measured by conducting test no. 4. The evaporation
rate for this configuration, compared to the reference one, is shown in Figure 13. Again, the
uncertainty interval is plotted in orange and grey on the curve.

5.0
4.5

Evaporation rate [g/s]

4.0
3.5
3.0
2.5

Evaporation rate - High turbulence cas

2.0

Evaporation rate - Reference case

1.5
1.0
0.5
0.0

0

1200

2400

3600

4800
6000
Time [s]

7200

8400

9600

10800

Figure 13. Influence of local upstream turbulence on the evaporation rate.

This comparison shows that increasing the turbulence intensity just above the pool is not of
primary importance when dealing with the evaporation rate. These turbulent fields are of course
quite artificial.
4.4. Influence of the Wind Velocity
Test no. 2 was conducted to assess the effect of increasing wind velocity from 1.0 m/s to 1.5 m/s.
The evolution of the evaporation rate for this velocity value is plotted in Figure 14, together with the
reference case. The predicted evaporation rate, using the proposed model (see Section 5), is also
plotted on this figure.

4.000
3.500

Evaporation rate [g/s]

3.000

1.5 m/s case - Experiment

2.500

Reference (1 m/s case) - Experiment
Evaporation model - 1.5 m/s

2.000

Evaporation model - 1 m/s

1.500
1.000
0.500
0.000

0

300

600

900

1200

1500

1800 2100
Time [s]

2400

2700

3000

3300

3600

Figure 14. Evolution of evaporation rate for two velocity configurations.

This case confirms the conclusion of the small-scale experiment and also confirms the relevance
of the physical approach proposed with a model able to predict the evaporation rate’s evolution over
time.
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5. Proposition of an Evaporation Model
5.1. Physical Aspect
The experimental study presented in this paper suggests that evolution of evaporation rate over
time should be estimated considering pool concentration evolution and associated gradient along the
pool’s depth. Thus, going back to the physical process is useful. Dealing with the mass concentration
of a species in a solution, here ammonia, we can write the conservation equation as

𝜕𝜕𝜕𝜕. 𝑌𝑌𝑘𝑘 𝜕𝜕𝜕𝜕. 𝑈𝑈𝑖𝑖 . 𝑌𝑌𝑘𝑘
𝜕𝜕𝑌𝑌𝑘𝑘
𝜕𝜕
+
=
𝜌𝜌𝜌𝜌𝑘𝑘
+ 𝜌𝜌𝜔𝜔𝑘𝑘
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖
𝜕𝜕𝑥𝑥𝑖𝑖
𝜕𝜕𝑥𝑥𝑖𝑖

(3)

In this equation, ρ is the fluid density; Yk is the k-species mass fraction; Ui is the velocity
component in xi-direction; Dk is the diffusion coefficient of k-species; and ωk is the production or
consumption term for k-species, for the present case, the evaporation rate on the interface. This
equation clearly highlights the mechanisms that take place in the pool—the evaporation is governed
by the diffusion process. The sinking of ammonia in the liquid pool occurs near the pool’s surface;
the concentration gradient forms with concentration near the surface lower than the one near the
bottom. Such a gradient might strongly influence the evaporation rate according to the strong
evolution of the vapor pressure as a function of ammonia concentration.
5.2. Development of a Predictive Tool: EVAP-Tox
To take this phenomenon into account, we require a specific numerical tool. This tool should
allow us to solve the evaporation rate coupled with the pool behavior in terms of concentration and
temperature. The skeleton of this model (EVAP-Tox) is represented in Figure 15.

Data acquisition:
Initialisation of pool and product
characteristics

Computation along time

Evaluation of Pvap at the pool surface level
as a function of T and concentration

Evaluation of evaporation rate
using Pvap at the pool surface

No

Concentration and pool temperature
evolution calculation

Calculation of molar and thermal
diffusion inside the pool

Final time reached?
Yes

Files save

Figure 15. Skeleton of evaporation model.
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Input data for the model are the pool dimensions, its depth, the ammonia pool concentration,
the pool, and ambient temperature, assuming both the pool temperature and ambient temperature
are identical, the air velocity, and the required simulated time. The four computation steps are
detailed below.
First, the vapor pressure is estimated considering both pool surface temperature and
concentration following the curve proposed by [23].
Then, the evaporation rate, ωk in the equation, is estimated using the Mackay and Matsugu
correlation. In this relation, the vapor pressure is the one computed with the pool surface
characteristics. This also enables the estimation of the sink term of ammonia and energy for the pool
surface.
The concentration and temperature gradients inside the pool are then estimated, following a 1D
finite difference discretization. The equation is solved using a first-order scheme in time with a full
explicit approach, and a second-order finite difference scheme for the diffusion term in space. The
species concentration equation (Equation (3)) is simplified to a diffusion relation, assuming that
convection is negligible with the assumption of constant density:

𝜕𝜕𝑌𝑌𝑘𝑘
𝜕𝜕𝜕𝜕

= 𝐷𝐷𝑘𝑘

𝜕𝜕²𝑌𝑌𝑘𝑘
+ 𝜔𝜔𝑘𝑘
𝜕𝜕𝑥𝑥𝑖𝑖2

(4)

It must be added that the liquid density rises when the ammonia concentration diminishes with
a convective movement in the pool. A constant was then added to increase the diffusion velocity
while keeping a 1D approach. The constant was found to be 50 using the small-scale reference test;
its value was then kept constant for comparison with other cases.
The temperature, T, is also solved using a diffusion equation:

𝜆𝜆 𝜕𝜕²𝑇𝑇
𝜕𝜕𝜕𝜕
=
+ 𝜔𝜔𝑡𝑡𝑡𝑡
𝜕𝜕𝜕𝜕 𝜌𝜌. 𝐶𝐶𝑝𝑝 𝜕𝜕𝑥𝑥𝑖𝑖2

(5)

In this equation, λ is the thermal conductivity, Cp is the specific heat of ammonia, and ωtk is the
sink term of energy, since for this equation the cooling is due to the phase change process. As for
species, this equation is solved using an explicit approach—first order in time and second order in
space using a finite difference scheme.
5.3. Some Results of the Model
Using EVAP-Tox, the concentration can be calculated in the pool as a function of the pool’s
depth. An example of the concentration gradient calculated after 1 hour for the reference small scale
case is given below (Figure 16), where 0 is the free surface of the pool. The evolution of concentration
rate along the depth of the pool was computed over each “time step”.
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Figure 16. Ammonia concentration along the pool depth; 0 is the pool surface.

This enables evaluating the mass flow rate of ammonia over time using the computed quantities
near the surface. A comparison of the computed value of the evaporation rate with the measured rate
is presented in Figure 17.

Figure 17. Time evolution of evaporation rate measured during the reference small-scale tests and
calculated with the proposed model.

This comparison shows that taking into account the influence of the diffusion equilibrium in the
liquid pool allowed us to predict the evaporation rate over time. The approach, based on the
correlation presented by MacKay and Matsugu [3] at each time step while taking into account the
temperature and surface concentration evolution, enables us to predict a conservative evaporation
rate since the computed value is always higher than the measured rate.
6. Conclusions
As mentioned in the introduction, the main objective of this experimental study was to establish
the evolution of ammonia solution evaporation rate over time. This objective was definitely met since
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all the tests conducted highlighted a strong reduction of the evaporation rate in the first 60 min after
establishing the pool; this reduction was around 80%. On the basis of the available measures and
considering the physical phenomena that takes place in the pool, we proposed a physical explanation
of this reduction. Considering the evaporation mechanism that occurs close to the pool’s surface, and
the diffusion phenomena in the vertical direction into the pool, we can assume that a concentration
gradient appeared in the pool after evaporation starts. This gradient was confirmed using three
samplings at three different heights in the pool. In parallel, it was confirmed that no vertical
temperature gradient should be considered.
Using the same experimental setup, the influence of some well-known parameters was
confirmed. Typically, increasing the solution concentration or atmospheric velocity leads to an
increase in the evaporation rate. The tests, however, highlight that, independent of the ambient
conditions, the evaporation rate strongly decreased within the first minutes. During this series of
tests, local turbulence was shown to have no significant effect on the evaporation rate.
These experiments demonstrated that the rate of evaporation of liquid pools containing
ammonia does not depend on the pool area while respecting the Froude scaling. This observation is
crucial as it confirms the possibility of applying the proposed model to larger scale evaporating pools.
This independence confirms that the Froude scaling used during this study is relevant.
This experimental work shows clearly that the numerical approach considering a constant
evaporation rate for ammonia gives overly conservative results.
The proposed model, EVAP-Tox, which consists of evaluating the evaporation rate as a function
of time on the basis of the Mackay and Matsugu correlation, is relevant since the concentration and
temperature evolution in the pool were considered.
For more accurate results, the evolution of pool concentration should also be estimated not only
over time but also as a function of pool depth, since a significant concentration gradient appears in
this direction. As a reminder, the evaporation correlation is based on an average velocity of external
flow as the influencing parameter regarding flow dynamics. A further improvement may consist in
adding a new module that would evaluate the diffusion process in the surrounding air more
accurately.
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